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I. INTRODUCTION 
Studies of amorphous silicon (a-Si) previous to 19 69 
(1,2,3) pictured a rather ill-defined material whose charac­
teristics varied greatly with deposition conditions. The 
semiconductor properties of single crystal silicon were 
either absent or less clearly defined in the amorphous 
material. Amorphous Si films were prepared either by 
vacuum evaporation or r.f. diode sputtering in an Ar 
atmosphere. The gap was poorly defined and the predominant 
conduction mechanism for temperatures below 300®C appeared 
to be hopping between localized states in the gap region 
rather than carriers in the bands (1). The absorption co­
efficient rose much faster than for single crystal silicon 
yet there was no sign of photoconductivity. Resistivities 
reported for these materials were anywhere from 50 0-cm to 
10^ fi-cra depending on the deposition conditions (2). 
An electron spin resonance signal was detected for a-Si 
which was similar to the signal from the severed bonds at a 
single crystal silicon surface (4). The ESR data indicated 
20 _ o 
a spin density of 10 cm Thus it was concluded that 
a-Si had unpaired silicon bonds within the bulk of the 
material in addition to those at the surface. 
A model evolved during this period picturing a-Si as 
a collection of microcrystallites with "dangling" bonds 
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occurring at the grain boundaries. This picture of micro-
crystallites was supported by x-ray diffraction (5) studies 
which showed short range tetrahedral order in the amorphous 
material. 
The presence of short range order should mean that some 
of the energy band characteristics similar to that of a 
single crystal would be maintained (6). The ability of 
short range order to create energy bands is suggested by the 
tight binding approximation. This method considers only the 
interaction with a few nearest neighbors to calculate an 
approximate band structure. Indeed, an optical gap was 
observed (7), although it was slightly larger (1.4 eV) than 
that for single crystal silicon and had poorly defined 
edges. 
The resistivity, however, was difficult to explain in 
terms of any conventional semiconductor theory. In addition 
to the wide range of resistivities obtainable by varying 
the deposition conditions, the values for a specific film 
could be changed by orders of magnitude by annealing and 
other post-deposition treatments (3). A variety of mecha­
nisms were proposed which could cause the observed 
resistivities. Included in these were: conduction in 
nonlocalized bands, hopping conduction between localized 
states, Schottky barriers due to density fluctuations in the 
material, and Schottky barriers between microcrystallites. 
3 
None of these mechanisms, however, agreed with all data 
available. 
The existence of carriers in nonlocalized bands was 
supported by data on the optical constants and photoemission. 
The high resistivity combined with the measured Hall 
mobility, on the other hand, indicated an unreasonably large 
number of carriers for the band theory. Conduction via 
hopping between localized states was supported by the 
resistivity and Hall effect data but could not explain the 
optical properties which appeared to be the result of a 
band structure. Conductivity due to carriers in nonlocalized 
bands, but which is limited by Schottky barriers due to 
density fluctuations in the material, is supported by the 
optical constants and photoemission and could also explain 
the low resistivity. If this were the case, however, there 
should be a large photoconductivity which is not observed. 
If the Schottky barriers were due to small crystallites 
rather than density fluctuations, the optical constants and 
photoemission data would be expected to agree better with 
those for single crystal silicon. The resistivity data 
could be explained by this type of barriers in the material; 
however there should again be a large photoconductivity. 
A combination of carriers in nonlocalized bands and 
conduction due to hopping amongst localized states in the 
gap region appeared to have the best chance of describing 
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the data. This would have to assume that the carriers in 
the bands would control the optical properties while the 
localized states controlled the conductivity. It was 
difficult to imagine that these two mechanisms could be so 
decoupled. At this time, it was clearly impossible to make 
a distinction between the various possible conduction 
mechanisms with the data at hand. 
In 19 69, Chittick et al. (8) reported data on samples 
produced by a completely different technique. They produced 
their samples by r.f. glow discharge decomposition of silane 
gas (SiH^). Resistivity for these samples was higher than 
previously produced a-Si samples and there was a large 
4 photoconductivity. Resistivities varied from 10 fi-cm to 
14 10 ^-cm depending on the substrate temperature during 
deposition. High resistivities were measured on samples 
produced on room temperature substrates while the lowest 
resistivities were measured on samples deposited at 400®C. 
The photoresponse existed for samples produced at elevated 
temperatures with the maximum photoconductivity measured for 
samples produced at 250°C. 
The researchers working initially with glow discharge 
felt the difference between their samples and those produced 
by evaporation or sputtering were due to differences in the 
deposition mechanisms. They felt that a-Si was a random 
network rather than microcrystallites and that glow discharge 
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was a somehow "gentler" method which produced a network 
with better coordination and fewer dangling bonds. It was 
later discovered that the glow discharge method 
produced samples containing large amounts of hydrogen incor­
porated into the bulk of the material. It was proposed by 
other workers (9) in the field that the hydrogen passivated 
the dangling bonds rather than the dangling bonds being 
eliminated by better coordination within the network. 
A model was proposed in which a-Si would be roughly 
tetrahedrally coordinated with bond lengths and angles 
similar to single-crystal silicon. Internal microvoids 
would exist where mismatches between atoms were too great 
to allow bonding. The surfaces of these microvoids would 
have "dangling" bonds similar to those on the surface of 
single crystal silicon. This would explain the electron 
20 ~ 3 
spin resonance data showing a bulk spin density of 10 cm 
These "dangling" bonds would create localized stages 
throughout the material which could give rise to conduction 
through hopping. Hydrogen, when incorporated in the 
material,could tie up these dangling bonds and effectively 
passivate them. Electron spin resonance data (10) supported 
this theory, showing no signal for a-Si produced by glow 
discharge. 
The differences in conductivity and photoconductivity 
between the glow discharge produced a-Si and evaporated or 
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sputtered a-Si were explained as follows. Without hydrogen 
involved, the conduction mechanism is hopping between 
localized states produced by the "dangling" bonds on micro-
void surfaces. Carriers existed in extended bands; however 
the conductivity due to these would be orders of magnitude 
less than that due to hopping and therefore could not be 
observed. Conductivity due to hopping varied from 
-1 -1 4 -1 -1 50 Q. -cm to 10 n -cm depending on the dangling bond 
density. As hydrogen is added to the material, it is 
believed to tie up these dangling bonds and pull the 
localized states that existed in the gap down to an energy 
level below the top of the valence band. With the localized 
states no longer available in the gap for conduction through 
hopping, the material is limited to the lower conductivity 
of the carriers in the conduction band. Photoconductivity 
due to excitation of electrons into the conduction band 
should then be apparent. 
One initial difficulty with this explanation of hydrogen 
as passivator of dangling bonds was the amount of hydrogen 
necessary to eliminate all of the gap states. It took 
21 
approximately 10 hydrogen atoms per cubic centimeter to 
eliminate enough gap states to reveal the photoconductivity 
(10), despite the fact that electron spin resonance only 
20 
revealed approximately 10 unpaired spins per cubic centi-
21 
meter. It was suggested that there were indeed 10 dangling 
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bonds on the void surfaces. However, a large proportion 
of these dangling bonds were able to pair across the micro-
void in a spin-paired fashion, thus eliminating the spin 
signal. This proposal was supported by ESR data showing 
that a larger number of spins could be created by photo-
excitation. The most conclusive piece of evidence supporting 
the proposal of hydrogen tying up dangling bonds in amorphous 
silicon was the production of photoconductive amorphous 
silicon by reactive r.f. diode sputtering in an Ar-H 
atmosphere (11). 
If the local states in the gap are in truth eliminated, 
leaving conduction and valence bands with a well-defined 
gap, we should expect hydrogenated amorphous silicon to 
behave almost as an intrinsic semiconductor. A strong test 
of this would be the ability to dope the material in both n 
and p directions. Doping of both glow discharge (12) and 
reactive sputtered (13) amorphous silicon has been achieved 
by adding phosphine or diborane gas to the sputtering 
chamber during deposition, producing n and p type material 
respectively. 
Despite the success in producing a better defined 
semiconductor material by the addition of hydrogen, there 
were still considerable unexplained variations between 
samples prepared in different manners. Infrared and Raman 
spectroscopy were used (14,15) in an attempt to learn more 
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about the nature of the bonding between the silicon and 
hydrogen atoms in hydrogenated amorphous silicon. 
Several peaks in the ir absorption spectra were identi­
fied with vibrational modes of the silicon-hydrogen bonds. 
However, the interpretation of data differed between groups. 
There are two closely spaced infrared absorption peaks at 
-1 -1 2000 cm and 208 5 cm , which were interpreted in two ways. 
Brodsky ^  a]^. (14) ; in comparing these modes to the 
stretching modes observed in silane gas, and in substituted 
silane gases, claimed that the 2000 cm peak was due to 
stretching modes for a single hydrogen atom bonded to an 
otherwise normally coordinated silicon atom. He further 
-1 
stated that the 20 85 cm peak was absorption due to the 
symmetric and anti-symmetric stretching modes of two hydro­
gen atoms bonded to a silicon atom in the amorphous silicon 
network. Thus there were both monohydride and dihydride 
bonding configurations allowed in the material. The alternate 
explanation of the two peaks was that they were both due to 
stretching modes of monohydride configurations. The differ­
ence between the two peaks was supposedly because the mono­
hydride configuration could exist in two different environs. 
The two different environs suggested were the surface of a 
microvoid and the bulk of the material, away from any 
surfaces. Although there is no definitive evidence to date 
which confirms or denies one or the other of these views, the 
9 
monohydride-dihydride concept is the more widely accepted 
theory. Consequently, this paper will discuss the data in 
terms of this theory. 
Previously, films showing the best photoconductive 
properties were prepared by glow discharge deposition on the 
substrates at 250°C. Infrared data showed these samples to 
contain almost exclusively monohydride bonding with a total 
hydrogen content of about 14 atomic percent (14,16). Glow 
discharge produced samples deposited on lower temperature 
substrates showed a higher total hydrogen content; however 
dihydride bonding was included in these samples. Glow dis­
charge decomposition onto higher temperature substrates 
produced samples with lower overall hydrogen content. In 
this way, glow discharge deposition of amorphous silicon is 
capable of producing films with 8 to 14 atomic percent 
hydrogen in a monohydride form and up to 30 percent in a 
combination of monohydride and dihydride bonding. Reactive 
diode sputtering has been used to produce samples with 
hydrogen contents ranging continuously from zero to 30 
atomic percent. All films produced by r.f. sputtering, 
however, have previously contained a mixture of monohydride 
and dihydride bonds with no apparent method to control the 
ratio (14). The inability of either method to simultaneously 
control the densities of the monohydride configura­
tion and dihydride configuration have made it impossible to 
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isolate the effects of monohydride bonds, dihydride bonds, 
and overall hydrogen density on the properties of a-Si. The 
purpose of this study was to determine a method of con­
trolling the monohydride and dihydride bonding densities 
independently in order to allow a careful study of the 
effects of the bonding mechanisms and overall hydrogen 
content. 
The equipment used to prepare the samples for the study 
is described in Chapter II. Chapter III presents a discus­
sion of the method used to determine monohydride and dihydride 
densities. Techniques for the electrical characterization 
are presented in Chapter IV. The first section of Chapter 
V is concerned with the development of the parameters which 
allow separate control over the monohydride and dihydride 
bond densities. The remainder of Chapter V discusses char­
acterization of the material through use of these parameters. 
The demonstrated ability to totally eliminate dihydride 
bonding has further technological significance in that it 
produces a superior solar cell material. 
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II. SAMPLE PREPARATION 
The samples for this research were prepared by r.f. 
diode sputtering. The sputtering unit used, shown in Fig. 1, 
was built by Ion Equipment Corporation. The base plate and 
pumping systems were locally designed and assembled. The 
schematic in Fig. 2 shows the main features of the system. 
The chamber top is arranged with three fixed target posi­
tions. This allows down sputtering of three different mate­
rials in succession without breaking vacuum. Target holders 
accept a standard 6-inch sputtering target. All three 
targets are water cooled. 
A movable J-shaped pedestal is also provided, which can 
be positioned below any of the three targets or in an 
intermediary position. The vertical position of the pedestal 
can also be adjusted to allow for variation in the separa­
tion between fixed targets and pedestal surface. The 
pedestal can be used either as a substrate holder or as a 
movable target holder for sputtering up. The shaft of the 
pedestal is fitted with differentially pumped 0-rings to 
preserve the integrity of the vacuum in the sputtering 
chamber. The pedestal is also water cooled and is fitted 
with a resistive type heater which allows variation of 
substrate temperature from 20°C to 350°C. A stainless 
steel shutter is provided which could be interposed between 
12 
Figure 1. The sputtering apparatus used to produce a-Si 
films 
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Figure 2. A schematic of the sputtering system and gas 
handling system 
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fixed target and pedestal to allow sputter cleaning of both 
target and substrate before deposition. 
A one kilowatt r.f. generator manufactured by Henry 
Electronics supplied power to the sputtering targets. A 
switching system is provided to allow the r.f. power to be 
connected to either of the three targets or to the pedestal 
independently. The power can also be split between the 
pedestal and one of the fixed targets. This allows for bias 
sputtering in addition to sputter cleaning of both target 
and substrates before the shutter is opened to allow 
deposition. 
The targets and pedestal are automatically grounded 
when not connected to the r.f. power. The maximum sputtering 
power available for this sputtering configuration without 
drawing too much plate current is 600 watts. This produces 
a DC sputter voltage of 2 kilovolts with a chamber pressure 
of 3 x 10 Torr of argon. Partial pressures of hydrogen up 
to 3 X 10 ^ Torr may be added to the argon without reducing 
this DC sputter voltage. A safety interlock is provided to 
shut down the power if pressure is lost in water coolant 
lines. This interlock is intended to prevent damage to the 
targets by overheating. 
The pedestal was used as the substrate holder for some 
of the samples in this study. At higher r.f. powers, 
however, a steady plasma could not be maintained with the 
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shutter open. The irregular geometries of the open shutter 
and pedestal allowed spreading of the plasma and sparking 
which made tuning of the r.f. circuit impossible. For the 
high power decompositions, then, the shutter was left closed 
with the substrates or substrate holder sitting directly 
on the shutter. 
A 15 cm cast silicon target was used to prepare the 
samples for this study. The purity of this target is 
99.999%, as determined by the analysis of the manufacturer. 
The target is 0-64 cm thick and is bonded to a 0.64 cm thick 
stainless steel backplate. The stainless steel backplate 
was designed to screw into one of the fixed target positions 
and is in constant contact with coolant water. The upper 
mounting position of this target allowed down sputtering 
of silicon onto substrates held on either the pedestal or on 
the shutter. The pedestal and shutter were grounded during 
all silicon deposition. 
The sputtering unit is fitted with a dual vacuum 
system. An oil diffusion pump is provided for pre-deposition 
cleanup while a mechanical roots pump is used during actual 
sputtering because of its high throughput. The 10 cm oil 
diffusion pump can be seen on the right-hand side of the 
system in Fig. 1. A 15 cm liquid nitrogen cold trap and 
an optically dense chevron baffle are fitted above the oil 
diffusion pump to prevent oil from backstreaming into the 
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systems. The diffusion pump is backed by a Welch model 
No. 1397 forepump. This forepump operates continuously and 
maintains the vacuum on the differentially pumped 0-ring 
seals on the pedestal shaft. This diffusion pump system is 
connected to the sputtering chamber through a six-inch 
manually operated butterfly valve. This valve is fitted 
with viton seals which are good down to 10 ^  Torr. 
On the opposite side of the sputtering chamber is a 
Hereus RG 100 0 roots pump. This pump utilizes two close 
fitting figure 8 shaped vanes which rotate in opposition at 
high speeds. This provides high throughput pumping without 
the use of oil. The roots pump is backed by a Hereus type 
E225 single stage mechanical forepump. A six-inch right 
angle valve separates the root pump from the sputtering 
chamber. 
Prior to each deposition, the chamber was pumped down 
with the roots pump to 10 ^ Torr and then flushed with argon. 
The argon was then shut off and the chamber again allowed to 
reach 10 ^ Torr. At this point the right angle valve to the 
roots pump was closed and the butterfly valve to the diffu­
sion pump was opened. The diffusion pump was allowed to 
- 6  pump the chamber down to 10 Torr before each deposition. 
The diffusion pump was sealed off and the chamber partially 
back filled with argon before the valve to the roots pump 
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was opened. This was done to prevent backstreaming of oil 
from the forepump into the roots pump and chamber. 
Gases to be used during sputtering are combined in a 
small mixing tank before being admitted to the chamber. A 
line between the mixing tank and chamber as well as the 
individual gas lines are controlled by stainless steel 
toggle valves. In addition, the flow in each individual 
gas line is controlled by the use of a Nupro needle valve 
with a vernier metering scale. Flow in each line is 
monitored by a Hastings Mass Flow meter. The hydrogen and 
argon used during sputtering were both of 5-9's purity. 
In addition, the argon was fed through a chamber containing 
zirconium turnings. This chamber was mounted in a furnace 
so it could be heated to 450°C. The heated zirconium 
turnings gettered residual oxygen in the argon. The 
hydrogen gas was fed through a liquid nitrogen cold trap to 
reduce its water content. 
During presputtering pump down, the total pressure in 
the chamber was measured by Bayard-Alpert ionization gauges. 
One of these gauges is mounted in a port in the base plate 
of the sputtering chamber. Another is mounted next to the 
butterfly valve in the diffusion pump line. These gauges 
could not be used during the sputtering process. A Schultz-
Phelps gauge was used to monitor total chamber pressure 
during the sputtering process. This gauge which is capable 
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of reading pressures from 1 Torr to 10~^ Torr, is also 
located in one of the ports in the base plate. 
Partial pressures of individual gases can be obtained 
at in two manners: they can be calculated from the flow 
rates monitored by the Hastings Mass Flow meters and the 
total chamber pressure, or they can be monitored by a 
residual gas analyzer which is mounted at the front of the 
base plate. The RGA used on this system consisted of a 
quadrupole analyzer manufactured by U.I.T. The control for 
this analyzer can be seen in front of the sputtering system 
in Fig. 1. The system is capable of measuring masses from 
1 through 300 amu. The quadrupole analyzer is differen­
tially pumped through a standard orifice by an ion pump. 
The sputtering parameters were carefully controlled 
during deposition. The partial pressures of argon and 
hydrogen were controlled by the leak valves and flow meters. 
The r.f. power delivered to the target along with the r.f. 
power reflected back into the power supply from the target 
were monitored directly by the power supply. DC target 
voltage was monitored by an r.f.-protected meter on the 
sputtering module. The sputter rate was a function of both 
target-substrate separation and sputter power. Because of 
the nonlinearities in the relationship, each sample had to 
be measured independently. The deposition rate was deter­
mined from the thickness of the sample and the time of 
19 
deposition. Thickness measurements were made using a dec-
tak stylus-type profile monitor. The monitor measured the 
height of a step between an area covered by amorphous 
silicon and an open area. 
Substrate temperature was measured by a thermocouple 
mounted in the substrate holder. Substrate temperature was 
not constant during deposition because of the heating effect 
of the sputtering process itself. It is also fairly certain 
that this process causes a difference between the tempera­
ture of the surface and the temperature within the substrate 
holder. Therefore, these measurements can be con­
sidered only a basis for comparison, not as accurate 
measurements of the temperature of the surface where the 
deposition is occurring. Plasma ion temperature also could 
not be determined accurately, but a lower limit for compari­
son purposes was arrived at by suspending a thermocouple 
within the plasma. 
20 
III. OPTICAL MEASUREMENT 
A. Infrared Measurements 
Infrared measurements were used to determine both the 
type of bonding and the total hydrogen density of the 
amorphous silicon films produced for this work. Films to 
be used for measuring infrared transmissions were deposited 
on single crystal silicon substrates. These substrates were 
prepared by slicing a 2.5 cm diameter single crystal silicon 
boule into 1 mm thick slices. The wafers were mounted on 
brass discs, using crystal bond 509 wax for further 
processing. Each side was initially sanded flat using 600 
grit silicon carbide paper. Scratches from this process 
were eliminated by polishing with 5 micron alumina powder 
on a glass plate. Final polishing was done with 0.3 micron 
alumina powder on a polishing cloth. The wafer was then 
removed from the brass disc and remounted to allow similar 
processing of the other side. After both sides had been 
polished, the wafers were rinsed in hot ethyl acetate to 
remove all traces of the wax. The wafers were then suc­
cessively rinsed in acetone, methanol, and finally distilled 
water. The measured transmittance for these substrates was 
approximately 0.5 throughout the region of interest. 
Infrared transmission was measured for each sample 
-1 -1 between the limits of 4,000 cm and 200 cm on a Beckman 
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4250 dual beam spectrophotometer. For these measurements, a 
"substrate with the deposited film was placed in the sample 
beam, while an unused substrate prepared identically was 
placed in the reference beam. Using this method, any absorp­
tion effect from the substrate was cancelled out by the 
standard in the reference beam. 
A representative sample of the transmittance data is 
shown in Fig. 3a. 
This spectrum shows several absorption peaks along with 
shallow interference fringes. These interference fringes 
are due to multiple reflections within the thin amorphous 
silicon film caused by the difference in index of refraction 
of amorphous silicon and single crystal silicon. The trans­
mission numbers used for the calculations were determined by 
considering the continuance of the interference fringe sine 
wave to be the 100% transmission line. The continuation of 
interference fringe for the sample shown in.Fig. 3a is 
designated by the dashed line. The % transmittance for any 
particular wave number is then arrived at by dividing the 
unadjusted transmittance registered by the spectrophotometer 
for that wave number by the value of the continuous inter­
ference fringe for that wave number. As an example, the 
- 1  
corrected transmittance value for the wave number 2000 cm 
for the sample shown in Fig. 3a would be 0.72 divided by 0.96. 
3200 2800 2400 2000 1800 1600 1400., 1200 1000 800 600 400 
WAVENUMBER CM 
Figure 3. Infrared transmission spectrum for sample B-20: a) immediately after 
deposition, b) 5 months after deposition. The dashed line indicates the 
interference free, 100% transmission line used to calculate the absorption 
coefficients 
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Determination of the absorption coefficient from this 
transmittance data is based on the following equation for 
transmittance of a wave at normal incidence. 
T  = e'^^Kl - R ) 2  + 4 R sin^ E ]  . . 
(l-Re"G^)2 + 4 Re'Gd sin^(0+<j)) 
Here a is the absorption coefficient, d is the sample 
thickness, and R is the reflection coefficient given by 
Eq. 2. 6 is defined in Eq. 3 and which gives the 
interference fringes, is defined in Eq. 4. 
(n.- n,)^ + k^ 
R = — ^ T (2) 
(n^ + n^) + k 
Tan 8 = = 5 ^ (3) 
( n ^  -  n^^ + k^) 
(j) = (4) 
In these equations, n and k are the real and imaginary parts 
of the index of refraction. The subscripts 1 and 2 refer 
to the media in front of and behind the interface respec­
tively. It can be assumed for this case that k is much less 
than n so that Eq. 2 reduces to 
/ \ 2 (n, - n ) 
R = — ^ . (5) 
( n ^  +  n^) 
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The same assumption means that 6 is very small and therefore 
2 
the sin 6 term in the numerator of Eq. 1 may be neglected. 
In a case where the interference fringes have been 
eliminated graphically as done for the transmittances here 
the interference term in the denominator is eliminated, thus 
reducing Eg. 1 to 
•' • • 
In the case where the interference fringes are not visible, 
as is the case for the substrates, the interference term must 
be averaged giving 
'T = • "> 
Zanzucchi et a^. (17) showed that the real parts of the index 
of refraction for amorphous silicon is close to that for 
single crystal silicon and gave values which may be used to 
determine the reflection coefficients. The reflection 
coefficients for the air-amorphous silicon interface and the 
air-single crystal silicon interface are within three percent 
of one another so will be considered equal in further 
calculations. The value for T calculated in this manner is 
0.54 and agrees well with the measured value of 0.5 for the 
single crystal substrates. The reflection coefficient at 
the amorphous silicon-single crystal interface (Rg) is less 
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than 0.03 and will therefore be neglected. This allows the 
calculation of the transmittance through the amorphous 
silicon film, through the substrate holding the amorphous 
silicon film, and through the substrate in the reference 
beam. 
I (substrate) = y- 1 (9) 
1 -V 
2 
I (reference substrate) = —— 
^ 1 -
(10) 
In arriving at these terms it has been assumed that there 
is no absorption in the single crystal substrate. 
The transmittance measured by the spectrophotometer 
should be the product of the transmittance through the film 
and the transmittance through the substrate holding the 
film divided by the transmittance of the substrate in the 
reference beam. 
^ ^ (1-R2)e-Gd 
The first term in the numerator is constant, and thus has 
already been taken into account by our method of defining 
transmittance. Absorption coefficients for all samples were 
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determined from the transmittance data using this equation. 
Calculations were done on a TI-58 programmable calculator, 
using the bisection method of finding zeros of a function. 
Two groups have been principally responsible for 
developing the theory explaining the absorption peaks in the 
infrared spectrum of hydrogenated amorphous silicon. These 
two groups, Brodsky, Cardona and Cuomo at IBM and Knight, 
Luco sky and Nemenich at Xerox, agree on most features of 
theory, with the disagreement being concerned only with the 
explanation of the trihydride absorption. They have identi-
fied the absorption in the range between 1900 cm and 
220 0 cm with the stretching modes of the hydrogen-silicon 
-1 -1 bond. The absorption peaks between 80 0 cm and 900 cm 
are then correlated with the symmetric and anti-symmetric 
bending modes of the dihydride and trihydride bonding forma­
tion. The absorption peak at 640 cm ^ is associated 
v;ith the wagging or rocking modes of the silicon-hydrogen 
bond. 
The various possible modes of the different bonding 
configurations are shown in Fig. 4. The basic assumption 
made in considering the vibrational modes of the silicon-
hydrogen system is that the hydrogen atom moves while the 
silicon atom remains stationary. This is a reasonably good 
approximation considering that the mass ratio of the hydrogen 
to silicon is 0.03. Thus the hydrogen-silicon bond alone 
will determine the frequencies of the vibrations. 
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Figure 4. Modes of vibration for monohydride and dihydride 
bond configurations 
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The strength of the bond will be affected by atoms that 
are bonded to the other tetrahedral bonds of the silicon 
atom. The effect on the frequencies of the stretching modes 
can be found by comparison to monosubstituted, disubstituted, 
and trisubstituted silanes. That is, silane gas where one, 
two, or three hydrogen atoms have been replaced by a differ­
ent element or complex. Studies of these silanes have shown 
that the frequency of the silicon-hydrogen stretching mode 
is proportional to the sum of the electronegativities of the 
four atoms bonded to the silicon atom. Fig. 5, reproduced 
from Lucovsky et (18), shows a plot of the sums of the 
electronegativities of mono-, di-, and trisubstituted silanes 
vs. the frequency of the silicon-hydrogen stretching modes. 
Points are also plotted (open circles) for monohydride and 
dihydride bonds in amorphous silicon, assuming that the 
-1 -1 2000 cm peak corresponds to monohydride, and the 20 85 cm 
peak corresponds to dihydride. It should be noted that tri­
substituted silanes correspond to monohydride, disubstituted 
silanes to dihydride, and monosubstituted silanes to tri­
hydride bonds in amorphous silicon. The graph also includes 
data for trihydride which has been observed by other workers 
on depositions made at temperatures below room temperature. 
The proximity of the data points for mono-, di-, and tri-
hydrides in amorphous silicon to the lines given by the 
'£ 
O 
Figure 5. 
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The sum of the electronegativities of the atoms bonded to the Si atom in 
mono-, di- and trisubstituted silanes vs. the frequency of the stretching 
modes after Lucovsky et al. (18) 
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general theory indicates that the vibrational frequencies 
have been assigned to the proper bond configuration. 
The absorption peaks at 840 cm~^ and 890 cm~^ are in 
the range of the silicon hydrogen bending modes shown by 
substituted silane. The peak at 890 cm ^ is assigned to the 
bending mode of dihydride on the basis that it always appears 
with and scales with the 2085 cm ^ dihydride stretching mode 
peak- Lucovsky et al^. (18) consider the 89 0 cm~^ peak to be 
the basic dihydride bending mode while the 840 cm~^ peak is 
due to the interactions between nearest neighbor dihydride 
systems. Brodsky et a2. (16), however, have assigned the 
840 cm peak to bending modes of the trihydride bonding con­
figuration. The 640 cm ^ absorption peak occurs whenever any 
hydrogen is present, so has been assigned to the wagging 
modes, which would not be significantly split by the differ­
ences in the sum of the electronegativities. 
One other absorption peak has been observed in a number 
of samples. This is a broad peak in the range of 10 00 cm ^. 
Fig. 3-B which is a infrared transmittance scan for sample 
B-20 five months after deposition of the sample, shows this 
peak at 10 00 cm ^. Sari and Smith (19) have shown that vibra­
tional modes of 0-Si bonds should give absorption between 
900 and 1100 cm ^. This is confirmed by observations that 
Si02 on the surface of single crystal silicon gives a peak 
-1 
at 1100 cm while hydrogenated amorphous silicon films 
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which have had oxygen deliberately incorporated in them show 
a broad peak at 1000 cm 
Having identified the absorption peaks with the various 
oscillations of the hydrogen-silicon bonds and having deter­
mined the absorption coefficients from the transmittance 
data, it should be possible to determine the density of each 
type of bonding configuration. Assuming that the hydrogen-
silicon bonds act as Lorentz oscillators in an otherwise 
transparent medium, their effect on the dielectric constant 
is given by 
* 
477 N e /y 
AE(W) = —2 2^ (12) 
03^  - CO - iyw 
* 
In this equation, N is the density of oscillators, e^ is the 
effective charge for the silicon-hydrogen bond, u is the 
reduced mass, and y is the line-width factor. Integration 
of ojAe over the absorption band gives the sum rule 
N = ^ f a CM) du (13) 
2^2 eg > 
This formula will give a value of N from the absorption co-
* * 
efficients provided e^ is known. A value for eg is 
difficult to arrive at because of the uncertainty in the 
local field in the solid amorphous silicon. Various approxi­
mations have been made in order to get a local field 
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* 
correction which will allow accurate determination of e^ . 
Unfortunately, none of these approximations work well. If a 
sample exists where N is known, however, a reasonably 
* 
accurate value of e^ may be determined empirically. This 
is done by substituting the known value for N into Eq. 13 
* 
and solving the equation for e^ . This has in fact been done 
by Brodsky et al. (16) for a series of exclusively 
monohydride bonded amorphous silicon samples. The determina­
tion of N was made by nuclear resonance reaction. The 
accuracy of this method was determined to be within 10%. 
In essence, the nuclear resonance reaction data has been 
used to calibrate the infrared absorption method of deter­
mining hydrogen density. Once this calibration has been 
done, the infrared absorption data can be used to determine 
a reasonably accurate value for the density of monohydride 
and dihydride bonds in amorphous silicon. This can be done 
whether the sample contains only one type of bonding config­
uration or if it contains a mixture of bonding configurations. 
B. Optical Measurements 
A Gary model (14) dual beam spectrophotometer was used 
to make the optical measurements. This instrument produces 
a plot of optical density vs. wavelength. Depositions for 
optical measurements were made on Corning 7059 substrates. 
The optical density data for the monohydride series of 
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samples is shown in Fig. 6. The oscillations in the region 
of wavelength below the gap energy are due to interference 
fringes. The optical density in this region is due to 
reflectance and correlates well with the value calculated 
assuming an index of refraction of 3.77. This is the value 
determined for hydrogenated amorphous silicon by Zanzucchi (17) 
and correlated within 5% with the value for single crystal 
silicon. The optical density was transformed into optical 
absorption coefficients for wavelengths with optical densities 
between 0.5 and 2. To do this, the expression for transmit-
tance at normal incidence given in 3q. 7 is again used. 
T - 1 - R2 e-.d 
As long as the optical density is less than 2, k is much 
less than n, so that the approximations made are still 
valid. The value determined for R is 0.58. For the values 
of d used, e is also much less than one, so the equation 
may further be reduced to 
= (1-R)2 . (14) 
Combining this equation with the definition for optical 
density 
log(optical density) = (15) 
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Figure 5. Optical density vs. wavelength for samples B-39 
through B-4 6 
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we get 
2.3 (optical density) = In(l-R)^ -a d (16) 
which may be solved for the absorption coefficient to give 
a = i [In(l-R)^ - 2.3(optical density)] .(17) 
In this development we have ignored the fact that the real 
part of the index of refraction varies slightly with wave­
length and therefore R varies slightly with wavelength. 
This change is small enough over the region of interest 
that it produces an error less than 5%. 
The optical energy gap of amorphous silicon can be deter­
mined from the optical absorption data if it can be assumed 
that electron transitions in amorphous silicon are similar 
to those in single crystal silicon. This is a reasonable 
assumption, as the local order for amorphous silicon is the 
same as that for single crystal silicon. If this assumption 
is valid, the equation for the absorption coefficient due to 
indirect transition given by Bardeen et al. (20) can be 
used. This equation is 
A (E +AE) p 
a = -5 2 (hv - E)^(2Np+l) . (18) 
hv E 
o 
where hv is the photon energy, AE is the energy gap, and 
A^, E^ and Np are constants for the material at a given 
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temperature.. This may be reduced to the following equation 
2 
a = c /EvcT = /c (hv - AE) (19) 
where c is a constant. This shows that a plot of /hva vs. 
hv should be a straight line which intersects the energy 
axis at the value of the energy gap. Plots of this type for 
the monohydride series are given in Fig. 7. 
It might be expected that, because of the supposed lack 
of band structure in amorphous materials, the transitions 
should be more like direct transitions rather than indirect 
transitions. The equation for absorption due to direct like 
2 transitions give a linear relationship for (ahv) vs. hv 
instead of (ahv)^^^ vs. hv. Although one would expect 
direct-like transitions to dominate, the data fits a straight 
line better if indirect-like transitions are assumed to be 
dominant. 
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Figure 7. /ahv vs. hv for samples B-39 through B-46. The 
extrapolation to the energy axis gives the 
optical gap for these samples 
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IV. ELECTRICAL MEASUREMENTS 
A. Conductivity Measurements 
Sheet resistance of the amorphous silicon films was 
measured on specially prepared Cor^iing 7059 substrates. 
Aluminum contacts had been evaporated onto these substrates 
previous to sputtering of the amorphous silicon films. The 
substrates were masked by two wires of different diameters 
during the aluminum evaporation. This created three 
separate aluminum patches divided by gaps of 100 micro­
meters and 300 micrometers as shown in Fig. 8. After 
amorphous silicon was deposited on these substrates, the 
resistance of the film across these two gaps could be 
measured. The resistivities of the film could be calculated 
from the resistance across the gap by taking into account 
the geometrical factors. The equation for resistivity is: 
p = R ^  (20) 
where t is the thickness of the film, w is the width of the 
gap between the aluminum deposition, and L is the length of 
the gap. The conductivity, a, is then given by 
" = i = RÎL • '21) 
Measurements were made on the two gaps of different widths 
to insure that the resistance scaled with w. This was 
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Figure 8. A dimensional drawing of the substrates used in 
measuring conductivities and activation energies 
of the thin films 
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necessary to guarantee that sheet resistance was being 
measured, rather than a contact resistance between the 
aluminum and the amorphous silicon films. 
A schematic of the circuit used to measure resistance 
is shown in Fig. 9. The sample to be measured and a 
standard resistor are connected in series with a DC power 
supply. The voltage across the standard resistor was 
measured on a HP 3466A meter which had an input impedance 
of 10^^ n and a sensitivity of one yV. The voltage measured 
across the standard resistor divided by the value of the 
standard resistor gave the current passing through the 
resistor and the sample. A second meter measured the 
voltage applied across the resistor and sample in scries. 
The voltage across the sample was obtained by subtracting 
the voltage across the standard resistor from the total 
voltage. It was important not to connect the meter directly 
across the sample because of the high impedance of the 
sample. This impedance is close enough to the input 
impedance of the meters to shunt an appreciable proportion 
of the current through the meter. This system was used to 
produce a current voltage plot of the films for sample 
voltages up to 140 volts. Sample resistance is then deter­
mined from the slope of this plot. The standard resistor 
used for these measurements was 100 kQ. 
SAMPLE 
DC 
SUPPLY 
VOLTAGE 
STANDARD 
RESISTOR 
Figure 9. A schematic of the system used to make electrical measurements 
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During the resistance measurements samples were mounted 
in a light-tight black box. Contact was made to the samples 
by use of micromanipulator probes. The black box containing 
the samples could be heated to 10CC to allow thermal 
activation measurements. The box was also fitted with a 
light source to facilitate photoconductivity measurements. 
The illumination source was a tungsten filament at 2300°C 
2 
which produced an intensity of 20 mW/cm at the sample 
surface. Conductivities were measured under both dark and 
illuminated conditions for all samples. Photoconductivity 
was calculated by subtracting dark conductivity from 
illuminated conductivity. 
B. Thermal Activation Energy 
Thermal activation energy was determined from measure­
ments of dark conductivity made at different temperatures. 
To use these measurements, an assumption must be made that 
conductivity follows the form 
a = new (22) 
where n is the carrier density and u is the carrier mobility. 
If it is further assumed that hydrogenated amorphous 
silicon behaves as an intrinsic semiconductor with conduc­
tivity due to carriers in the bands, the electron concentra­
tion in the conduction band is given by 
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2 -(E AT) 
Ny e ^ (23) 
where and are the effective density of states in the 
conduction and valence bands respectively and E^ is the 
energy gap. Taking the square root of both sides of this 
equation and substituting for n in the conductivity equation 
gives 
"(E /2kT) 
a = ey /N^ e ^ . (24) 
Taking the logarithm of both sides gives 
In a = ln(N^ ey) - (E^/2kT) . (25) 
Taking the derivative of both sides with respect to 1/T and 
assuming that and are constant with respect to tempera­
ture one gets 
8 In a E 
= - -J- . (26) 
9 1/T 2k 
Solving this for the energy gap gives 
Cg = - 2k fw • (27) 
If then, the assumption is correct that conductivity is due 
to carriers in the bands, the activation energy can be 
determined from the slope of a plot of k log a vs. 1/T. 
Fig. 10 shows a series of these plots for samples with 
varying monohydride densities. The linearity of these plots 
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Figure 10. Log a vs. 1/T for samples B-39 through B-46. 
The slope of this plot multiplied by Boltzmann's 
constant yields the activation energy for each 
sample 
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shows that the conduction mechanism is clearly thermally 
activated. 
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V. RESULTS AND DISCUSSION 
A. Development of Sputtering Parameters for 
Controlling Bonding Densities 
The first step in evaluating the effects of hydrogen 
in amorphous silicon is determining how to control the 
bonding formation and hydrogen density in the film. 
Previous work using reactive sputtering has produced 
amorphous silicon films with varying amounts of hydrogen. 
However, little control has been exerted over the type of 
bonding. Films deposited in this manner have always 
contained a mixture of monohydride and dihydride bonding. 
In order to determine the individual effects of mono-
hydride and dihydride bonding configurations it was 
necessary to determine parameters which controlled the 
densities of these two configurations independently. 
In an effort to determine these parameters, a program 
was set up in which the parameters were individually 
varied. Samples prepared in this manner were analyzed 
by infrared spectroscopy to determine the type and density 
of hydrogen bonds. 
Substrate temperature was the first parameter studied. 
This seemed like a reasonable starting place based on 
the fact that temperature variations control the ratio 
of dihydride to monohydride bonding in glow discharge 
produced samples. Initial samples were prepared with a 
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target substrate separation of 8 cm. R.f. power delivered 
to the target was 250 watts, and the chamber pressure 
was held at 6 x 10 ^  Torr. Samples were prepared with 
substrate temperatures varying from 20° C to 300° C. All 
samples appeared to be nearly completely dihydride 
bonding. The infrared absorption peak for the stretching 
modes of the silicon hydrogen bond for a sample prepared 
at 300° C is shown in Fig. 11. The peak at 2085 cm~^ 
clearly dominates, showing that substrate temperature 
alone cannot reduce the dihydride-monohydride ratio-
Considering that in glow discharge deposition of amorphous 
silicon, substrates are surrounded by the plasma, it was 
felt that plasma ion temperature might have an effect 
on the bonding ratio. To check this possibility, samples 
were prepared with the substrates raised so that they were 
immersed in the plasma during deposition. The substrate-
target separation for these samples was 1.5 cm. The 
absorption coefficients for the stretching modes of one of 
these samples is shown in Fig. 12. The sputtering power 
used in the deposition of this sample was 270 watts. The 
-2 
chamber pressure was again 6 x 10 Torr. The appearance of 
o -1 
a monohydride absorption peak at 200 cm in addition to 
the dihydride peak at 2085 cm ^ indicates that positioning 
the samples close to the target, immersed in the plasma, 
has a strong effect on the bonding. 
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Figure 11. The stretching mode absorption peak for a sample 
prepared with a substrate-target separation of 
8.0 cm. The substrate temperature was 300°C and 
the r.f. power was 250 W 
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Figure 12. The stretching mode absorption peak for a sample 
prepared with a substrate-target separation of 
1.5 cm. The substrate was not heated and the 
r.f. power was 270 W 
50 
Using this new sputtering geometry, an attempt was 
again made to vary the dihydride-monohydride ratio by 
varying the substrate temperature. A sample was prepared 
with the sputtering parameters as previously discussed 
except with a substrate temperature of 300° C. There 
was no appreciable difference in the monohydride-dihydride 
ratio between this sample and the sample prepared at 
room temperature. 
Since the substrate temperature did not appear to 
affect the bonding ratio, a series of samples was prepared 
to see if r.f. power had an effect. Higher r.f. power 
would be expected to lead to a higher plasma ion temperature. 
Fig. 13 shows the stretching mode absorption peak for 
a series of samples produced at various sputtering powers. 
These samples were all prepared with a substrate target 
separation of 1.5 cm, and a total chamber pressure of 
-2 6 X 10 Torr. There was no external heating of the 
substrates. For this group of samples, a 1 cm thick 
disc of aluminum sitting on the shutter was used as a 
substrate holder. The partial pressure of hydrogen in 
the sputtering chamber was 0.45 x 10 ^ Torr. It can be 
seen that increasing sputtering power decreases the 2085 
_2_ 
cm dihydride absorption peak while leaving the monohydrida 
absorption peak at 2000 cm approximately unchanged. 
Absorption coefficients for the bond bending modes of the 
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Figure 13. Stretching mode absorption peaks for samples 
B-19, B-20, B-21 and B-23. These samples were 
prepared with successively lower sputtering 
powers while the other parameters were kept 
constant 
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dihydride configuration were also determined and are shown 
in Fig. 14. Dihydride bond densities were calculated from 
these modes and compared to the results from the stretching 
modes. The numbers compare well except for the lowest 
dihydride density sample. The stretching mode calculation 
is expected to be inaccurate for this sample because of 
the difficulty in determining the contribution of the 2085 
-1 
cm mode to the overall absorption peak. Fig. 15 shows 
graphically how the bonding densities of monohydride and 
dihydride are affected by the r.f. sputtering power. The 
values for the monohydride and dihydride bond densities 
along with the relevant sputtering parameters of these 
samples is shown in Table 1. 
The fact that sputter rate, DC target voltage, and 
plasma ion temperature all vary with the sputtering power 
makes it difficult to determine which of these parameters 
is responsible for the change in the dihydride bond 
density. It is not possible to decouple these parameters 
without changing other parameters in the sputtering system. 
It is notable, however, that each of these parameters has 
a similar effect at the film surface. That is, an increased 
power density incident at the surface. 
The importance of the substrate location within the 
glowing plasma, in addition to the importance of the r.f. 
sputtering power, suggests that the energy density in the 
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Figure 14. Bending mode absorption peaks for samples B-19, 
B-20, B-21 and B-23 
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Figure 15. Monohydride and dihydride densities in a series 
of films as a function of the r.f. power used 
in depositing the films 
Table 1. Sputtering parameters and calculated hydrogen densities for samples B-19, B-20, B-20, 
B-21, B-23 and B-39 
DC Ion Temp, in Plasma Si-H2 Si-H2 
Sample r.f. Sputt. Target Substrate Upper Lower Si-H Density Density 
il Power Rate Voltage Temperature Limit Limit Density (Stretching) (Bending) 
(watts) (A/min) (kV) (°C) (K) (K) (lO^^cm"^) (10^^cm~^) (lO^^cm"^ 
B-23 200 192 1.00 92 541 394 0.58 1.00 1.00 
B-21 300 319 1.25 122 594 427 0.53 0.60 0.62 
B-20 370 416 1.50 153 631 457 0.69 0.38 0.40 
B-19 430 500 1.75 192 655 475 0.63 0.15 0.06 
B-39 580 620 2.00 210 705 __ 0.87 — <0.01 
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plasma, or essentially the ion plasma temperature, could be 
the controlling factor in the dihydride bond density. The 
most straightforward explanation for this would be that as 
the plasma ion temperature is increased, a greater number 
of particles reach an energy sufficient to destroy 
hydrogen-silicon bonds if they strike such bonds on the 
surface of the film. If the dihydride bonds are less 
energetically favored than monohydride bonds there will 
be a temperature where particles incident on a surface 
will destroy dihydride bonds but leave monohydride bonds 
unaffected. Brodsky, et a^. (16) have shown that indeed 
dihydride bonds are more easily broken than monohydride 
bonds. Fig. 16 is a thermogram produced by this group 
showing hydrogen evolved from two samples as these 
samples were heated. The curve peaking at 620° C is 
hydrogen evolved from a sample which was shown to contain 
only dihydride bonding. The peak at 760° K is hydrogen 
evolved from an exclusively monohydride bonded sample. 
Thus the dihydride bonds are considerably less stable 
than monohydride bonds, and could likely be destroyed by 
the process described above. 
Having found that the r.f. sputtering power will 
control the dihydride bond density, it is necessary to 
determine a parameter which can control the monohydride 
bond density. The plot in Fig. 15 shows that while the 
DIHYDRIDE THERMOGRAM 
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Figure 16. Thermogram data produced by Brodsky et al^. (16) showing hydrogen evolved 
from monohydride and dihydride films as a function of temperature 
58 
dihydride bond density drops as the r.f. power is increased, 
monohydride bond density is relatively unchanged. Partial 
pressure of hydrogen in the sputtering gas was looked to 
for control of the monohydride bond density. A series of 
samples was prepared with all parameters except the partial 
pressure of hydrogen constant. A plot of the monohydride 
bond density in the films as a function of the partial 
pressure of hydrogen in the chamber during deposition is 
given in Fig. 17. Substrate-target distance was 1.5 cm 
for these samples and the total chamber pressure was 
_2 3 X 10 Torr. The r.f. power was 57 0 w, which produced a 
DC sputter voltage of 1.9 kV. Partial pressure of 
hydrogen is shown to give good control over the monohydride 
bond density. None of these samples contained a detectable 
amount of dihydride bonding. 
Figure 17 shows that the density of monohydride incor­
porated in the a-Si film increases linearly with the log of 
the partial pressure of hydrogen in the sputtering gas. The 
slope of the plot changes in the region corresponding to 
0.5 X 10 ^ Torr. This change in slope shows that a larger 
increment of hydrogen density is added to the a-Si for a 
given increase in log [partial pressure of hydrogen] at 
_3 pressures above 0.5 x 10 Torr than for an equivalent 
increase of lower pressures. Tne difference in the 
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Figure 17. Partial pressure of hydrogen during deposition 
vs. monohydride density for samples B-39 
through B-46. There was no discernible dihydride 
bonding in these films 
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incremental incorporation rate between these two regions is 
most likely due to a change in the deposition process. An 
increase in the pressure could effect the process by changing 
the proportions of Si, SiH, SiHg, SiH^, and SiH^ in the 
plasma region. A higher hydrogen pressure might also change 
the plasma by contributing more ions and electrons. 
B. Characterization 
Having the ability to control both the dihydride and 
monohydride bond densities independently allows a more 
careful study of their effect on amorphous silicon. Fig. 
18 shows the dark, conductivity and photoconductivity vs. 
dihydride density, for the series of samples prepared 
at different sputtering powers. These samples all have 
a base of approximately 10 at. % of monohydride. The 
dihydride content increases from zero to approximately 
20 at. %. 
It can be seen from this plot that dihydride bonding 
reduces both dark conductivity and photoconductivity in a 
nearly equivalent manner. Assuming that electrons are 
dominant in both dark and photoconductivity (this is 
indicated by mobility data for electrons and holes), the 
reduction in conductivity could be due to one of the fol­
lowing three mechanisms. First, an increase in the 
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recombination rate due to more traps could decrease the 
carrier density under illumination. This would cause the 
decrease in photoconductivity but not the observed 
equivalent decrease in dark conductivity. Second, an 
increase in energy gap could reduce the intrinsic carrier 
concentration. However, this decrease in intrinsic carrier 
density would affect the dark conductivity more than 
the photoconductivity. Fig. 18 shows that both are 
affected equally. The third possible mechanism is a 
reduction in carrier mobility resulting in an increase 
in the number of scattering centers. This decrease in 
mobility would decrease both the dark conductivity and the 
photoconductivity by the same factor. Fig. 18 shows that 
the ratio is roughly constant. Therefore, it is reasonable 
to assume that the dominant mechanism responsible for the 
reduced conductivity is the reduction in carrier mobility. 
Infrared transmissions taken on these samples five 
months after deposition and compared to scans taken 
immediately after deposition show another important feature 
of the dihydride bonding. Fig. 19 shows these two scans 
for sample number B-19 which contains essentially no 
dihydride while Fig. 2 0 shows the same for sample 23 which 
contains approximately 2 0 at. % of dihydride 
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Figure 18. Dark conductivity and photoconductivity vs. 
dihydride density for samples B-19, B-20, B-21 
and B-23. All samples contain an additional 
10 at. % of hydrogen in monohydride form 
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Figure 19. Infrared transraittance spectrum for sample B-19: a) immediately after 
deposition, b) 5 months after deposition 
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Figure 21. Infrared transraittance spectrum for sample B-20; a) immediately after 
deposition. b) 5 months after deposition 
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Figure 22. Infrared transmittance spectrum for sample B-21: a) immediately after 
deposition, b) 5 months after deposition 
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22 -3 (1.2 X 10 cm ) in addition to ten percent monohydride. 
The two transmission spectra for sample B-19 are almost 
identical, showing very little change in the structure 
of the hydrogen density with time. The later spectrum for 
B-23,however, shows considerable change in the dihydride 
bending mode peaks along with a strong SiO absorption at 
-1 1000 cm . Samples B-20 and B-21 with infrared traces shown 
in Figs. 21 and 22, show similar changes with the SiO peak 
being roughly proportional to the initial dihydride density. 
Thus it appears that the dihydride allows a rapid oxidation 
within the bulk of the sample. The smearing of the bending 
mode absorption peaks for the dihydride indicates that 
there is probably some sort of coupling between the SiO 
and the dihydride bond configuration. This oxidation of the 
bulk could be a result of the higher porosity of dihydride 
samples as proposed by Freeman and Paul (21). The instability 
of the dihydride films is also shown by the fact that 
electrical characteristics change over time and are strongly 
affected by heating the sample. It was not possible to 
make thermal activation measurements on these samples 
because of this instability at higher temperatures. 
Further efforts were concentrated on the characteriza­
tion of monohydride films due to the instability of the 
dihydride bonded films and their relatively poor photo-
conductive properties. Fig. 23 shows the dark conductivity 
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Figure 23. Dark conductivity and photoconductivity vs. mono-
hydride density for samples B-39 through B-4 6 
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and photoconductivity vs. hydrogen content for films contain­
ing exclusively monohydride bonding. These films were 
prepared at a sputtering power of 570 watts with a chamber 
_2 pressure of 3 x 10 Torr. Partial pressure of hydrogen 
in the sputtering gas varied from zero to 3.2 x 10 ^ Torr. 
Substrates were held 1.5 cm below the target and were not 
externally heated. Substrates did, however, rise in 
temperature during deposition due to the sputtering process 
itself. Substrates were supported on a 1 cm thick 5 cm 
diameter aluminum disc which sat on the shutter. The 
shutter, substrate holder, and substrates were all grounded 
during deposition. Table 2 gives the pertinent sputtering 
parameters and hydrogen densities for this series of 
samples. 
The first striking feature of the dark conductivity 
plot is the rapid decrease in conductivity as the hydrogen 
content is increased to approximately 5 at. %. This clearly 
fits the theory that dangling bonds and cross-paired bonds 
contribute to conduction through hopping between localized 
states until they are passivated by hydrogen. Under this 
explanation, samples with hydrogen content below 5 at. % 
would have conduction due principally to hopping between 
localized states while samples with hydrogen content of 5% 
or greater would have conduction due to carriers in extended 
bands. 
Table 2. Sputtering parameters and relevant data for samples B-39 through B-46. All samples 
were prepared with 3 x 10"^ Torr Ar pressure and a sputtering power of 570 W. Target 
substrate separation was 1.5 cm 
Sample 
// 
Hydrogen 
Pressure 
MonohydrJde 
Density 
Optical 
Gap 
Activation 
Energy Conductivity Photoconductivity 
(Torr) (cm ) (eV) (eV) (n-cm) ^ (fi-cm) ^ 
B-45 0.00 0.00 1.24 0.24 8.6 X 10 0.0 
B-44 0.12 X 10-3 0.09 X 10^^ 1.29 0.44 3.4 X 10-7 0.0 
B-43 0.22 X 10-3 0.20 X 10^2 1. 30 1.05 2.0 X IQ-G 5.5 X 10-10 
B-42 0.46 X 10-3 0.30 X 10^2 1.37 1.32 1.6 X 10-8 4.0 X lO"^ 
b-41 0.78 X 10-3 0.52 X 10^2 1.40 1.32 2.6 X 10"® 6.8 X 10-8 
B-40 1.20 X 10-3 0.67 X 10=2 1.51 1.32 2.7 X 10-G 6.1 X 10-7 
B-39 1.70 X 10" 3 0,88 X 1022 1.58 - 2.0 X 10-G 2.2 X 10-G 
B-46 3.20 X 10-3 1.20 X 1022 1.66 1.32 4.8 X 10"^ 3.7 X 10-G 
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The dark conductivity appears to be relatively 
unaffected by hydrogen added above 5 at. %. Photoconduc­
tivity, however, rises rapidly with increasing monohydride 
content throughout the region studied. It is not likely 
that this increase in photoconductivity is due to an 
increase in carrier mobility. If this were the case, one 
would expect dark conductivity to rise also, which does not 
happen. The increased photoconductivity must then be due 
to an increase in the density of carriers. The number of 
carriers generated by photoexcitation would be increased 
if the energy gap dropped. Optical gap data shown in Fig. 
24 show that the energy gap actually rises, eliminating 
this possibility. The increase in carrier density, then, 
must be due to a decrease in the recombination rate. The 
following mechanism is proposed to explain this apparent 
decrease in recombination rate. It is reasonable to expect 
that a higher hydrogen content which has caused severing 
of many silicon-silicon bonds might relax the silicon 
network. This would allow the remaining silicon-silicon 
bonds to maintain bond angles and bond lengths closer to 
that of crystalline silicon. The reduction of stress in 
these bonds might reduce their effectiveness as recombination 
centers. The ensuing decrease in the effective density of 
recombination centers would reduce the recombination rate, 
causing a higher carrier density under illumination and 
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Figure 24. Thermal activation energy and optical energy gap 
vs. monohydride density for samples B-39 through 
B-4 6 
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thereby, higher photoconductivity. It should be pointed 
out that the break in the plot of dark conductivity vs, 
hydrogen content appears at the same hydrogen % that the 
break occurred in the plot of hydrogen density vs. partial 
pressure of hydrogen in the sputtering gas. Fig. 24 shows 
the thermal activation energy and optical gap data for the 
monohydride samples. A knee in the plot of thermal activa­
tion energy again appears at five atomic percent. The 
activation energy drops rapidly below five percent, 
suggesting states within the gap. For hydrogen content 
above 5 atomic percent, the gap states appear to be 
eliminated, leaving a gap of 1.32 electron volts. The 
gap appears independent of hydrogen content above five 
atomic percent. This again supports the picture of dangling 
and cross-linked bonds which are passivated by the addition 
of hydrogen. The optical gap would not be expected to be 
affected by the gap states and indeed the zero percent 
hydrogen film shows a optical gap of 1.23 electron volts. 
The optical gap increases almost linearly to 1.65 electron 
volts as the hydrogen content increases to 20 atomic percent. 
This change in the optical gap is most likely due to small 
changes in the bands due to the modification of the silicon 
network. It has been shown by Herman and Van Dyke (22) that 
a five percent increase in the bond lengths in a single 
crystal germanium lattice would be sufficient to cause a 
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significant increase in the energy gap. It is not 
unreasonable to expect that the stressing of the silicon-
silicon bonds in the amorphous silicon network would cause 
a comparable effect. 
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VI. CONCLUSIONS 
A set of sputtering parameters have been determined 
which allow control of the dihydride bond density in hydro-
genated a-Si. Unlike the case of glow discharge produced 
a-Si, the substrate temperature appears to have little 
effect on the dihydride density in reactive sputtered a-Si. 
A combination of substrate position in the plasma and r.f. 
sputtering power appear to control the dihydride density. 
It is proposed that the plasma ion temperature controls the 
bonding in that higher plasma ion temperatures do not allow 
formation of dihydride bonds. 
Monohydride bonding density is not significantly 
affected by the variation of r.f. sputtering power. Mono-
hydride density may, however, be accurately controlled by 
the partial pressure of hydrogen in the sputtering gas. In 
this manner, monohydride densities from 0 to 20 at. % may 
be obtained while the dihydride bond density is kept below 
the detection level. 
Using the ability to control monohydride and dihydride 
bond densities, a study was made to determine the individual 
effects of the two types of bond configurations on the 
properties of a-Si. A parallel decrease in dark conduc­
tivity and photoconductivity in a-Si as the dihydride con­
tent is increased is interpreted to show that dihydride 
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bonds reduce carrier mobility. It is also shown, in agree­
ment with other authors, that dihydride bonding allows 
oxidation within the bulk. This oxidation suggests a 
higher porosity associated with dihydride bonds. 
Increasing monohydride content, in sharp contrast to 
the dihydride results, causes an experimental rise in the 
photoconductivity of a-Si. The dark conductivity remains 
relatively constant as the monohydride density is changed. 
It is proposed, on the basis of this data, that monohydride 
bonding reduces the carrier recombination rate in a-Si. 
The mechanism suggested to produce this change is a relaxa­
tion of the a-Si network due to breaking of Si-Si bonds 
and replacement with Si-H bonds. This would cause greater 
uniformity of bond angles and lengths. 
The optical energy gap is shown to rise linearly with 
increased monohydride content. This change could also be 
explained by modification of the bond angles and lengths in 
the a-Si network. 
The data presented supports the theory of dangling and 
spin paired bonds within the bulk of the a-Si films. 
Breaks in the plots of activation energy, dark conductivity 
and photoconductivity vs. monohydride content indicate that 
the initial 5 at. % of hydrogen added to the a-Si goes into 
filling these open bonding sites. 
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IX. APPENDIX: INFRARED TRANSMITTANCE SCANS 
ON SAMPLES B-39 THROUGH B-46 
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Figure 25. Infrared transmittance for sample B-39 
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Figure 27. Infrared transmittance for sample B-41 
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Figure 32. Infrared transmittance for sample B-46 
